Voltage-gated and ligand-modulated ion channels play critical roles in excitable cells. To understand the interplay among voltage-sensing, ligand-binding and channel opening, the structures of ion channels in various functional states need to be determined. Here, the "random spherically constrained" (RSC) single-particle cryo-EM method was employed to study the human large conductance voltage-and calcium-activated potassium (hBK or hSlo1) channels reconstituted into liposomes. The hBK structure has been determined at 3.5 Å resolution in the absence of Ca 2+ . Instead of the common four-fold symmetry observed in ligand-modulated ion channels, a two-fold symmetry was observed in hBK. Two opposing subunits in the Ca 2+ sensing gating ring rotate around the center of each subunit, which results in the movement of the assembly and flexible interfaces and Ca 2+ binding sites. Despite the significant movement, the local conformation of the assembly interfaces and Ca 2+ binding sites remains the same among the four subunits.
INTRODUCTION
The large conductance voltage-and calcium-activated potassium (BK) channel belongs to the six-transmembrane-segment (6TM) ion channel family. It can be found in many cells and functions as a feedback regulator of membrane potential and thereby Ca 2+ influx (Cui et al., 2009; Gribkoff et al., 2001; Horrigan and Aldrich, 2002) . Like other members of the 6TM ionchannel family, it has voltage-sensor domains (VSDs) which sense the transmembrane potential.
The BK channel is also a member of the Slo family, whose a-subunits contain regulator-ofconductance-for-K + (RCK) domains in the large intracellular C-terminal region. The crystal structures of the RCK domain of the E. coli K + channel (Jiang et al., 2001) and the gating ring structure formed by eight identical RCK domains in the Methanobacterium thermoautotrophicum K + channel MthK (Jiang et al., 2002a, b; Ye et al., 2006) greatly aid the understanding of Ca 2+ -dependent regulation of Slo1 channels. First, these prokaryotic channel structures inspired a series of mutational studies demonstrating that the RCK1 and RCK2 domains in mouse Slo1 (mSlo1) account for Ca 2+ -dependent activation of mSlo1 (Schreiber and Salkoff, 1997; Shi et al., 2002; Sweet and Cox, 2008; Xia et al., 2002; Zhang et al., 2010) .
Second, these results provide templates for the generation of homology models of the mSlo1 channel gating ring: the four RCK1 and four RCK2 domains from the four subunits in a functional Slo1 channel form a "gating ring". The high-affinity Ca 2+ binding site, termed as Ca 2+ bowl, is located in RCK2 and the mD367 site is in RCK1. The low-affinity Ca 2+ binding site, E535, resides in the C-terminal lobe of RCK1. These findings were confirmed by the X-ray crystallographic structures of the isolated gating ring of the human Slo1 channel (hSlo1-GR) in the absence of Ca 2+ (Wu et al., 2010) and that of the zebrafish Slo1 channel (zSlo1-GR) in the presence of Ca 2+ (Yuan et al., 2012) . Recently, the cryo-EM structures of the Aplysia californica Slo1 channel (aSlo1) were obtained with and without Ca 2+ , which further confirmed these findings Tao et al., 2017) . All the gating rings in the structures made of RCK domains Jiang et al., 2001; Jiang et al., 2002a, b; Tao et al., 2017; Wu et al., 2010; Yuan et al., 2012; Yuan et al., 2010) have a four-fold symmetry along the central pore (C4). Although the two structures of aSlo1 were determined in both liganded and metal-free states Tao et al., 2017) , structures of other states will be useful. Functional studies show that the channel has at least four, and probably many more conformational states (Horrigan and Aldrich, 2002) as the channel can be activated by Ca 2+ , voltage, or combinations of the two.
As shown by both structural and functional studies, the lipid membrane environment plays an essential role for the structural integrity and activity of membrane proteins (Gonen et al., 2005; Hilgemann, 2003; Hille et al., 2015; Lee, 2011; Long et al., 2007; Schmidt et al., 2006) . Therefore, it is critical to restore the lipid membrane environment of membrane proteins.
One method is to use lipid nanodiscs, where the membrane protein resides in a small patch of lipid bilayer encircled by an amphipathic scaffolding protein (Bayburt et al., 2002) . The nanodisc method has been employed to study the anthrax toxin pore at 22-Å resolution (Katayama et al., 2010) , TRPV1 ion channel in complex with ligands at 3-4 Å resolution (Gao et al., 2016) , and other membrane proteins (Autzen et al., 2018; Bayburt et al., 2002; Chen et al., 2017; Dang et al., 2017; Gao et al., 2016; Jackson et al., 2018; Katayama et al., 2010; McGoldrick et al., 2018; Roh et al., 2018; Srivastava et al., 2018; Taylor et al., 2017) . An alternative method, called "random spherically constrained" (RSC) single-particle cryo-EM, where the membrane protein is reconstituted into liposomes (a mimic of an empty cell), has also been developed and employed to study the large conductance voltage-and calcium-activated potassium (BK) channels reconstituted into liposomes at 17-Å resolution (Wang and Sigworth, 2009 ) and a voltage-gated potassium channel Kv1.2 at 12-Å resolution (Jensen et al., 2016) . Although both methods restore the lipid environment of membrane proteins, there is a major difference: the RSC method mimics the cell and provides an asymmetric environment (i.e. inside and outside conditions can be varied independently), whereas there is only one environment surrounding the membrane proteins in the nanodisc method. This can be critically important for understanding membrane proteins which are controlled/modulated by asymmetric environment (e.g. applying transmembrane potential for voltage-gated ion channels or voltage-sensitive proteins, applying pressures to mechanosensitive channels).
Here, we employed the RSC method to study the structures of human BK (hBK) channels in the absence of Ca 2+ . By optimizing cryo-EM sample preparation, increasing the data size, employing the direct electron detector camera and correcting the drift between frames with MotionCor2 (Zheng et al., 2016) , the resolution has been improved to 3.5 Å. Compared with the commonly observed four-fold symmetry in all known gating ring structures, a broken symmetry was observed in metal-free hBK channels reconstituted into liposomes. Within the tetramer, two opposing subunits in the Ca 2+ sensing gating ring rotate around the center of mass of each subunit, which results in the movement of the assembly interfaces, flexible interfaces and Ca 2+ binding sites.
RESULTS

Purification and reconstitution of hBK channels into liposomes
Here, we employed the RSC method to study the structures of hBK reconstituted into liposomes. The hBK (KCNMA1) protein was extracted from HEK293 cells stably expressing Flag-tagged human BK proteins, purified by an anti-Flag affinity column followed by a sizeexclusion column ( Figure S1A ), and reconstituted into POPC liposomes with detergent removed by gel filtration. The 125-kDa hBK protein is detected by SDS-PAGE before and after reconstitution ( Figure S1B ). The reconstitution was adjusted to yield an average protein content at one to two hBK tetramers per 20-nm liposome. As the reconstitution of hBK proteins into liposomes is expected to restore the lipid environment of membrane proteins, the function of the reconstituted proteins was confirmed using ACMA flux assay, which has been employed to assess functions of reconstituted ion channels (Brohawn et al., 2012; Li et al., 2015; Miller and Long, 2012; Su et al., 2016) ( Figure 1C -D).
Structure of hBK in liposomes
Single-particle reconstruction of unstained cryo-EM specimens typically requires the acquisition of hundreds of thousands of particles. Because the low yield of hBK expressed in HEK293 cells thus the low concentration of proteoliposomes, acquiring such a large number of protein particles in liposomes is challenging. Previously, a 2D streptavidin crystal was used as an affinity surface to tether the biotinylated-lipid-doped proteoliposomes (Wang and Sigworth, 2009 ). However, empty liposomes bind preferentially to the crystal, reducing further the number of visible protein particles. Therefore, we employed a long-incubation method (a 5-10 min incubation on grids followed by another application of sample before freezing) was used.
Twenty-sixty liposomes were observed in each cryo-EM micrograph, which covered 0.16 µm 2 of specimen ( Figure 1A ).
Ideally a 3D reconstruction would contain an entire proteoliposome, complete with hBK channel and spherical membrane. Unfortunately, the variability of liposome size precludes the merging of their images; instead we fitted and subtracted a model (Wang et al., 2006) of the membrane contribution to each image ( Figure 1B ). Protein particles were picked from the resulting liposome-subtracted micrographs and were classified using RELION (Scheres, 2012) .
Some structural details are visible in the 2D classes ( Figure 1C-D) . The presence of lipid membrane is confirmed in the 2D classes of protein particles extracted from original cryo-EM micrographs using the orientation information determined with liposome-subtracted protein particle images ( Figure 1C -D).
The reconstruction of BK structure was carried out without symmetry. Surprisingly, a two-fold symmetry was observed ( Figure 2 and Movie S1). In the structure determined with a C2 symmetry, the central opening of the gating ring defined as the distance between C a atoms of V785 in opposing subunits differs by 2.7 Å along the two diagonals ( Figure 2B ). The shoulder helix J moves by about 5 Å from two opposing subunits, termed as hBK High, to the other two opposing subunits, termed as hBK Low. ( Figure 2C ). This movement is comparable to the movement of the gating ring between the metal-free and liganded aSlo1 structures Tao et al., 2017) : the metal-free gating ring moves ~5 Å away from the TM region. Due to the rotational flexibility of the transmembrane (TM) domain as observed in metal-free aSlo1 , the TM helices will be displaced proportionally to the distance to the ionconducting pore (e.g. 6 Å at helix S1 and 9 Å at helix S0) ( Figure S5A ). As a result, only helices S5, S6 and pore domain were determined together with the gating ring using the C2 symmetry. Figure 3C ). In short the flexible and assembly interfaces in hBK remains the same in hBK High and Low subunits. As hBK channels were reconstituted into liposomes while isolated hSlo1 gating ring formed crystals, some changes were observed in both the flexible and assembly interfaces (Figure 3 B&D) . At the flexible interfaces, the positions of the helix-crossover domain (aF-turn-aG) that interlocks the two RCK domains changes from hSlo1-GR to hBK, but the folding is maintained. At the assembly interfaces, the aD and aE helices in hBK Low subunits shifts down (away from the membrane) with respect to those in hSlo1-GR ( Figure 3D and Movie S4). The changes were not significant, thus the interaction between neighboring subunits shouldn't change.
An intermediate state of Ca 2+ sensing
There exist two Ca 2+ -binding sites in hBK: the Ca 2+ bowl and the RCK1 Ca 2+ -binding site. At the Ca 2+ bowl, residues D953, D955 and N449 (D905, D907 and N438 in aSlo1) and backbone carbonyl of D950 and Q947 (D902 and Q899 and in aSlo1) are expected to provide the basis to coordinate a Ca 2+ ion as seen in liganded aSlo1 ( Figure 4B and Supplementary Figure   S6E ). In the absence of Ca 2+ , the Ca 2+ bowl in hBK (same conformation in both hBK High and Low subunits) differs significantly from that in hSlo1-GR (Figure 4 A) : the N449 and D953 moved toward the Ca 2+ binding pocket, while D955 swings away from the Ca 2+ binding pocket.
Similar movement of those three residues (N438, D905 and D907) were observed in metal-free aSlo1 ( Figure 4B ). At the low-affinity Ca 2+ binding site, residues D367, E535, S600 and S533 (D356, E525, and E591 in aSlo1) (S533 in hBK replaces G523 in aSlo1) and the backbone carbonyl of R503 (R503 and G523 in aSlo1) are expected to provide coordination of a Ca 2+ ion as seen in aSlo1 ( Figure S6F ). In metal-free hBK, the D367 moved closer to the Ca 2+ binding pocket ( Figure 4C ) than the D367 in hSlo1-GR. As seen at the Ca 2+ bowl, similar movement of D367 (D356 in aSlo1) was observed in metal-free aSlo1 ( Figure 4D ). In short, both Ca 2+ binding sites in hBK differ from those in hSlo1-GR, but agree with those in aSlo1.
Rotational flexibility in the TM region
In the analysis of metal-free aSlo1 cryo-EM data, alternative 3D maps were obtained that show an 8-degree variation in rotation angle of the TM region relative to the gating ring. We obtained only one 3D class, but presumably due to a similar rotational flexibility of the transmembrane (TM) domain, helices S0-S4 cannot be well resolved in the EM density map with a C2 symmetry. Applying a C4 symmetry however produced a stronger signal. Our hBK structure shows a total rotation of 12 degrees relative to the major 3D class from aSlo1 ( Figure   5A ). The helix S0 observed in metal-free aSlo1 is not visible in hBK as it is the farthest from the symmetry axis. As shown in Figure 5A , the VSD is more extended compare with that in metalfree aSlo1. As metal-free aSlo1 was solvated in detergents, the VSDs may adopt a more compact conformation. In this study, hBK was reconstituted into liposomes, the lipid bilayer environment was restored. As the lipid membrane is fluidic, the protein has more flexibility, thus the VSDs adopt a more extended conformation.
Upon rotating the aSlo1 TM region by 12 degrees, the pore domain of aSlo1 overlapped with that of hBK ( Figure 5B ). As this pore domain is closer to the central symmetry axis of the channel and experience less blurring ( Figure S5 ), the intensity is much stronger that the intensity in the VSD regions ( Figure S5B-C) . Thus, the pore domain is visible in the reconstruction with a 
DISCUSSION
Each BK channel a-subunit contains two RCK domains in its large intracellular Cterminal region. The X-ray crystallographic structure of metal-free hSlo1-GR reveals a gating ring formed by 4 RCK1 and 4 RCK2 domains (Wu et al., 2010) similar to those observed in the E. coli K + channel (Jiang et al., 2001) , the MthK channel (Jiang et al., 2002a, b; Ye et al., 2006) and aSlo1 channel Tao et al., 2017) . When hBK channels were reconstituted into liposomes in the absence of Ca 2+ , the four-fold symmetry was broken and a two-fold symmetry was observed. In each hBK subunit, the fold is the same as that in hSlo1-GR ( Figure   3B ). To accommodate the broken symmetry, the assembly interfaces between neighboring subunits twisted as shown in Figure 3D providing the interactions between critical residues were not changed. As for the Ca 2+ -binding sites, larger conformation changes were observed between hBK and hSlo1-GR. At the Ca 2+ bowl, residue N449 and D953 moved toward the Ca 2+ binding pocket and D955 swung away from the Ca 2+ binding pocket. At the RCK1 Ca 2+ binding site, D367 moved toward the Ca 2+ binding pocket. The origin of the difference may be due to crystal constraints as both Ca 2+ binding sites in hBK are similar to those in aSlo1 determined using cryo-EM ( Figure 3 ). As the gating ring in aSlo1 also has a four-fold symmetry, a similar opening of RCK1 and closing of RCK2 was observed from the metal free aSlo1 to hBK (Movie S5, Figure   S6A -D). The hBK High subunits have a similar distance to the membrane as those in aSlo1, while the hBK Low subunits are further away from the membrane ( Figure S6 ). The origin of the down movement of the hBK Low subunits or the two-fold symmetry instead of the four-fold symmetry might lie in the restoration of the lipid membrane environment.
Based on the metal-free and liganded aSlo1 structures, Hite et al proposed a model of Slo1 gating by Ca 2+ and voltage . Here, the model was modified to include the hBK structure ( Figure 6 ). In the presence of Ca 2+ under positive transmembrane potential (e.g. 120-240 mV), the gating ring adopts a compact conformation, similar to liganded aSlo1 in detergents . The VSDs are up and the channel is open. In the absence of Ca 2+ , the gating ring adopts a loose conformation and is away from the membrane, as seen in ligandfree aSlo1 in detergents . As the transmembrane potential drops to zero, two VSDs move down (maybe not fully down as in the hyperpolarized membrane), thus push the two opposing subunits away from the membrane (hBK Low subunits). This is consistent with that the opening step has been shown to occur cooperatively among the subunits (Mannuzzu and Isacoff, 2000; Pathak et al., 2005) and comprises at least two transitions (Kalstrup and Blunck, 2013) . To confirm this hypothesis, at least the structure of hBK reconstituted in liposomes in the presence of Ca 2+ is needed. Of course, the structures with VSDs in the down conformation are also required to obtain a real understanding of the coupling between Ca 2+ sensing, voltage sensing and channel opening. A negative potential will be applied to trap hBK channels in a fully closed states with and without Ca 2+ in the near future using the RSC method.
The proteoliposomes used for structure determination ranged from 15 to 70 nm in diameter with the mean diameter at 20 nm. The question therefore arises, whether the membrane curvature in liposomes of different sizes would affect the observed hBK structure, especially the C2 symmetry. To address this question, three hBK structures were reconstructed from small (15-19 nm), intermediate (19-25 nm) and large (25-70 nm) proteoliposomes respectively ( Figure S3 ).
The gating ring agrees well in the three reconstructions, and all show the C2 symmetry. A parallel reconstruction with the liposome information unsubtracted particle images, illustrates the curved membrane ( Figure S3 ). For examination of the TM region, C4 symmetry was applied as discussed before. The reconstructions from hBK reconstituted in intermediate and large liposomes show similar VSD helices in addition to the pore region as that in the reconstructions from hBK reconstituted in all the liposomes. The pore region in the reconstruction from hBK reconstituted from small liposomes agrees well with other reconstructions, but the VSD is much noisier. Thus, the membrane curvature only affects the VSD region when the liposomes are smaller than 19 nm in diameter.
METHOD DETAILS Expression, purification and reconstitution of human BK proteins
The BK proteins were expressed and purified as previously described (Wang and Sigworth, 2009) . Briefly, full-length human Slo protein (GI:507922) carrying an N-terminal FLAG tag was stably expressed in HEK293 cells. The BK protein was purified using an anti-FLAG affinity column (Sigma Aldrich), where the detergent dodecyl maltoside (DDM) (Anatrace) was exchanged with decyl maltoside (DM) (Anatrace) before elution with FLAG peptide (Sigma Aldrich). Size-exclusion chromatography (SEC) on a Superose 6 column was used to further purify the BK channel.
To reconstitute the BK protein for structural study, the major SEC peak ( Figure S1 ) was mixed with DM-solubilized POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) lipid (Avanti Polar Lipids, Inc.) (DM: POPC = 3:1) giving a final protein-to-lipid molar ratio of 1:1,000. Gel filtration on a hand-packed 24ml (10mm I.D and 300mm height) was used to remove detergent with running buffer containing 20 mM HEPES, pH 7.3, 150 mM KCl, 2 mM EDTA. To reconstitute the BK for functional assay, the purified BK were reconstituted into liposomes as previously described (Li et al., 2015) . Briefly, the POPC and POPG (1-palmitoyl-2oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)) lipid mixture (3:1 molar ratio) in chloroform was dried under nitrogen for 30 min, and rehydrated and sonicated in Fisher Scientific FS20H Ultrasonic Cleaner (Fisher Scientific) in buffer A (20 mM HEPES, pH 7.3, 150 mM KCl) to a final lipid concentration of 10 mM. The resulting solution was mixed with detergent DM (lipid: DM = 1: 1) for 30 min then mixed with the purified BK channels to a final protein concentration of 0.05 mg/ml. The detergent was removed by dialysis in 12-14 KD cut-off dialysis membrane (Spectrum Labs) against the buffer A at 4 °C for 3 days, with daily buffer exchange. Empty liposomes were prepared in the same manner without the addition of protein prior to dialysis.
The final liposome prep was concentrated to ~2 mM total lipid concentration.
Flux assay to assess the function of reconstituted BK proteins and estimate the transmembrane potential
Empty liposomes or proteoliposomes were diluted 100-fold into a buffer containing 150 mM NaCl, 20 mM HEPES pH 7.3, or a buffer containing 136.5 mM NaCl, 13.5 mM KCl, 20 mM HEPES, pH 7.3. ACMA (9-amino-2-methoxy-6-chloroacridine, Sigma-Aldrich) stock was added to a final concentration of 2 µM. This yielded a final K + concentration of 1.5 mM or 15 mM outside liposomes. Fluorescence intensity was measured every 1 s using Fluorolog®-3 Spectroflorometer (HORIBA Scientific) with excitation at 395 nm and emission at 490 nm. The protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP, Sigma-Aldrich) was added to a final concentration of 1 µM. Valinomycin (Sigma-Aldrich) was added to a final concentration of 20 nM.
Cryo-EM sample preparation and image collection
To obtain highly spherical liposomes, we swelled proteoliposomes by repeated osmotic shocks, adding water to the liposome suspension (11%, 14%, 18%, and 24% of the original volume) at 1 h intervals at 4 o C. Then 2 µl of BK proteoliposomes at a concentration of 2 mM lipid and 1mg/ml protein was applied onto a glow-discharged perforated carbon grids (CFlat R2/2, EMS), and incubated for 5-10 min at 22 o C and 100% relative humidity in an FEI Vitrobot Mark IV (FEI). After incubation, the sample was blotted from the side and 2µl of buffer containing 10 mM HEPES, pH 7.3, 75 mM KCl, and 1 mM EDTA was applied onto the TEM grid to swell proteoliposomes. Then grids were blotted for 7 s with force 0 and fast frozen in liquid ethane cooled by liquid nitrogen. Grids were then transferred to an FEI Titan Krios electron microscope operating at an acceleration voltage of 300 keV with an energy filter (20eV slit width). Images were recorded in an automated fashion on a Gatan K2 Summit (Gatan) detector set to super-resolution mode with a super-resolution pixel size of 0.525 Å using Leginon (Suloway et al., 2005) . The dose rate on the camera was set to be ~8 counts per physical pixel per second. The total exposure time was 8.6 s (0.2 s/frame), leading to a total accumulated dose of 60 electrons per Å 2 on the specimen.
Image processing and map calculation
Image processing is illustrated in Figure S2A . First, Dose-fractionated super-resolution image stacks (0.525 Å/pixel) were motion-corrected with MotionCor2 (Zheng et al., 2016) . Each frame in the image stack was divided into 5x5 patches for anisotropic image motion correction and dose weighting was carried out to calculate the motion-corrected image. Then the parameters of the contrast transfer function were estimated by CTFFIND4 (Rohou and Grigorieff, 2015) .
Following motion correction, the liposome contribution was removed with a model based on the average POPC membrane profile from 280 micrographs (The model was obtained using the Hankel transform as previously described (Wang et al., 2006) ). Then, approximately 4,800 particles from 350 micrographs were interactively selected and classified using RELION (Scheres, 2012) . Ten representative classes were selected as the templates for automated particle picking using RELION. The automated picked particles were screened using homemade MATLAB (MathWorks) programs to exclude particles more than 80 Å away from any liposome, which resulted in 275,295 particles from 2,786 micrographs. Then 2D and 3D classifications were carried out to select 122,456 particles for cryo-EM map reconstruction. The metal-free aSlo1 was used as the initial model. The EM density map determined with a C1 symmetry clearly showed a two-fold symmetry ( Figure S2 ). With a C2 symmetry imposed, the resolution of the EM density map was 3.61 Å. Then the structure was further refined in CryoSparc (Punjani et al., 2017) to 3.48 Å.
During the liposome-density subtraction step, modeled images of intact liposomes were subtracted from micrographs. In the transmembrane (TM) region, therefore, only the difference between hBK and lipid bilayer density remained, a signal that is much weaker than the true protein density. Thus the signal in the TM region was amplified by a factor of 2.5-4.0 to make the helices in TM region and in the gating ring have similar intensity. To show the position of the membrane, an alternative 3D reconstruction was obtained from a matching particle stack extracted from non-liposome-subtracted micrographs.
The initial model of hBK was predicted using SWISS-MODEL (Waterhouse et al., 2018) .
Then the structure was docked into the EM map, and flexible loops were removed manually using UCSF Chimera (Pettersen et al., 2004) . Then a mask extending by 3 pixels and with a soft edge of 8 pixels was created in RELION, and applied to the EM map. The masked EM map was using for flexible fitting using MDFF (Trabuco et al., 2009 ) with a C2 symmetry. The refined structure was further refined in real space using phenix.real_space_refine (Adams et al., 2011) .
Geometric and secondary structure restraints were tightly maintained throughout refinement to minimize over fitting.
DATA AND SOFTWARE AVAILABILITY
The 3D cryo-EM density maps of hBK and atomic model will be deposited in the Electron Microscopy Data Bank. Related to Figures S2-4 , 6, Movies S1-5. was modified to include the hBK structure. In the presence of Ca 2+ under positive transmembrane potential (e.g. 240 mV), the gating ring adopts a compact conformation and the VSDs are expected to be up, similar to the liganded aSlo1 in detergents. When there is no Ca 2+ , the gating ring region adopts a loose conformation as seen ligand-free aSlo1 in detergents. As the transmembrane potential drops to zero, two VSDs move downward resulted in the downward movement of two subunits in the gating ring as seen in hBK. Two adjacent subunits instead of two opposing subunits are shown in the cartoon.
